Abstract The terrestrial surface, the
Introduction
The continental crust constitutes only 0.6% of the silicate Earth by mass, but its upper layer is the only readily accessible part of our planet and has been the main target of geochemical research. For major elements, geochemical evolution of the Earth's continental crust resulted in a geochemical differentiation between lower and upper crust ( Table 1 ), so that the continental crust itself is vertically stratified in terms of its chemical composition (c.f. reviews of Rudnick and Gao 2003; Hawkesworth and Kemp 2006) .
The upper continental crust is on average granodioritic in composition, and it is assumed to become more and more mafic with depth.
Although the crustal evolution and the processes involved are discussed controversially (e.g. Reymer and Schubert 1984; Rudnick 1995; Albarede 1998; Rudnick and Gao 2003; Hawkesworth and Kemp 2006) , major controls of its composition are unanimously identified. These are the differentiation of igneous intracrustal magmas and intraplate crust growth, continent-continent collision (Rudnick and Gao 2003; Hawkesworth and Kemp 2006; Lee et al. 2008) , recycling of sediments (Hofmann and White 1982; Plank and Langmuir 1998; Hofmann 2007; Lee et al. 2008) , as well as chemical weathering and fluid mass transfer between crust and mantle (Mackenzie and Garrels 1966; Edmond et al. 1979; Albarede and Michard 1986; Rudnick 1995; Lee et al. 2008) .
In spite of its obvious importance for the Earth's material cycles, the terrestrial surface composition has not been in a dominant focus of studies on the geochemical evolution of the crust (c.f. Garrels and Mackenzie 1971; Lee et al. 2008) , possibly due to the fact that the Earth Wedepohl (1995) relative enrichment/depletion of the terrestrial surface (TS) compared to crust segments enrichment/depletion (ED) of the TS relative to crust segments (CS): ED = (TS -CS) / CS Rudnick & Gao (2003) enrichment/depletion uncertainty analysis
Comparison with the Earth crust is based on data compiled by Rudnick and Gao (2003) , Wedepohl (1995) and Taylor and McLennan (1995) .
Crustal data for C are taken from Wedepohl (1969) . Deviations of the Earth surface averages from the upper continental crust (UCC) are represented as follows: ''O''= \10%; ''?'' or ''-'' 10-30% deviation ''??'' or ''--'' [30% deviation. The last two columns in the table present an uncertainty analysis. The enrichment/depletion of an element at the terrestrial surface is recalculated, applying for a each element a 10% higher/lower content of the terrestrial surface (TS) composition and a 10% lower/higher content of the composition of the upper continental crust (UCC) surface layers account for only a small mass proportion of the entire crust. However, knowledge on the geochemical composition and spatial differences of the Earth's surface layers is gaining importance because Earth surface processes (chemical weathering, physical erosion, alteration of minerals and biological activity) impact ocean chemistry, properties of sediment transported to the ocean and the climate system (c.f. West et al. 2005; Berner 2006; Arvidson et al. 2006; Donnadieu et al. 2006) . Geochemical information on the terrestrial Earth surface (which is the upper most accessible part of the continental crust, ''the skin of the Earth'') can be gained by mapping the surface composition, applying standardized sampling grids and subsequent interpolation between sampled sites. This approach is, e.g. chosen within the European FOREGS programme to establish a geochemical baseline (Imrie et al. 2008) . Similar approaches were used to examine the geochemical characteristics of fluvial sediments on the Japanese Archipelago (Imai et al. 2004) . However, no such data base exists on the global scale. This 'expensive' approach might neglect that certain and distinguishable lithological units are attributed by comparable geochemical characteristics. Thus, lithological maps might be a good starting point to assess the geochemical composition of the terrestrial surface by applying geochemical information per lithological unit. Note that lithological maps are different from geological maps (Dürr et al. 2005) . Typical geological maps provide information on certain rock types like crystalline rocks, which represent about one-third of the Earth's terrestrial surface. They fail, however, to differentiate the other two-thirds that are occupied by sedimentary rocks or unconsolidated sediments (Garrels and Mackenzie 1967; Meybeck 1987; Amiotte-Suchet et al. 2003; Dürr et al. 2005) . Dürr et al. (2005) developed a global lithological map, distinguishing lithological classes with the focus on the sensitivity of rocks to chemical and mechanical weathering and their eventual transport by surface waters to the ocean (''hydro''-oriented lithology).
The ''hydro''-oriented lithology approach was chosen because lithology is a key control on river water composition and sediment chemistry, and therefore of land to oceans element fluxes (Meybeck 1987; Bluth and Kump 1994; Gaillardet et al. 1999a, b; Meybeck 2003; Dessert et al. 2003; Oliva et al. 2003; Imai et al. 2004; Lerman et al. 2007; Hartmann 2009; Hartmann and Moosdorf 2010; Hartmann et al. 2010a) . Because lithological classifications appear to be a good starting point to evaluate Earth system dynamics with respect to geochemical cycles, it seems to be appropriate to choose a global lithological map where certain representative geochemical signatures are represented by lithological classes. Thus, the global lithological map developed by Dürr et al. (2005) is applied here to estimate the geochemical composition of the terrestrial surface including quaternary sediments (excluding soil layers) and to discern differences with geochemical signatures of the upper continental crust. Geochemical characterization of the terrestrial surface is achieved by translating lithological information into a chemical bulk composition for each lithological class. Processes effective at the global scale and responsible for the geochemical composition of terrestrial surface identified are discussed.
Methodology
The geochemical characterization of Earth surface rocks has a long history. The earliest compilation identified by the authors has been provided by Justus Roth (Roth 1878 (Roth , 1879 (Roth , 1893 , including also estimates of geochemical budgets of elements transported from land to the ocean. Further compilations of rock geochemical compositions followed (c.f. and references in : Wedepohl 1969; Garrels and Mackenzie 1971; Le Maitre 1976; Condie 1993; Li 2000; Rudnick and Gao 2003) . However, precise estimates of the terrestrial surface composition are still lacking, in part because of the missing combination of spatial geochemical, geological and lithological information. Previous authors used a variety of different rock and geochemical classification schemes, which cannot in every case be directly translated into lithological classes of the applied map. Determining the geochemical composition of the terrestrial surface demands knowledge on the rock-class composition of applied lithological classes. Data of the geochemical composition of the terrestrial surface for comparison with the continental crust have been gained in four steps.
Step 1: calculation of the geochemical composition of typical rock classes In most models of the composition of the upper continental crust, major-element data are derived from average values for certain rock types based on thousands of samples (mostly surface rocks). For each typically used rock class, an average geochemical composition was assigned here, and data sources used for the compilation of the rock geochemistry in this work are referenced in Table 2 . For some elements, no sufficient data could be derived from studies providing averages of large-scale samplings. In this case, further studies, referenced in Table 2 , were applied to fill the gaps. However, in case of some crystalline rockclasses, for elements C and Cl, no sufficient data were available. Thus, the C and Cl contents have been assumed to be the same as the average of basalt and granite or similar to basalt, respectively (grey colour background in Table 2 ). Elemental proportions were normalized to 100% for better comparison with crustal averages in step 4.
Step 2: determination of average rock-class composition per lithological classes Proportions of rock-classes commonly used in geochemical studies are translated into proportions on lithological classes used in the global lithological map of Dürr et al. (2005) and are based on reviews of additional sources and knowledge based on regional literature. The rock classification translation into applied lithological classes is based on the following assumptions: (Berner and Berner 1995; Dürr 2003; Dürr et al. 2005) Step 3: calculation of the geochemical composition of each lithological class
In a third step, the geochemical compositions of lithological classes are calculated based on the proportions of rock types identified in step 2 (Table 3 ). In addition, the average geochemical composition of the continents and basins draining to major oceans are calculated (Table 4) .
Step 4: comparison with the geochemical composition of the crust
The average geochemical composition of the terrestrial surface is calculated as the area-weighted average of the geochemical composition of the applied lithological classes. Data of the terrestrial surface are compared with geochemical models of the continental crust (Taylor and Mclennan 1995; Wedepohl 1995; Rudnick and Gao 2003) . Table 2 Geochemical composition of rock classes (weight-%) applied in this study for calculation of the geochemical composition of lithological classes used in the global lithological map (Ricke 1960; Taylor 1964; Wedepohl 1969; Le Maitre 1976; Taylor et al. 1983; Pfeifer et al. 2000; Li 2000 Note, organic/reduced C has not often been analysed with exception of shales (c.f. the work of Ronov, in Meybeck 1982) . C and Cl content for some rock classes have been assumed to be the same as the average of basalt and granite or similar to basalt (grey colour background) Details of the different approaches are described in Rudnick and Gao (2003) . Because the geochemical model of Rudnick and Gao (2003) is the most recent one and includes more analysis than the other two models, it is here assumed to be the more representative one. Uncertainty analysis is provided by assuming an error of 10% for each element for derived averages of the terrestrial surface and averages of the upper continental crust (last two columns in Table 1 ). This simple assumption is based on typical errors of measurements and spatial errors due to the mapping procedure (Rudnick and Gao 2003; Moosdorf et al. 2010) .
Results
The elements Ca, S, C and Cl (and to a lesser extent Mg) are notably enriched on the terrestrial surface if compared to the average upper crust (Table 1) . Ca (and Mg) enrichment can be attributed to the abundance of carbonates at the terrestrial surface, which are more soluble than silicates. Significant amounts of Mg are also present in basic plutonics and volcanics (Table 3) , which, however, are less abundant than carbonate sedimentary rocks (SC) ( Table 3 ). The increased Cl proportion at the terrestrial surface is attributed to the Cl content in evaporites (EP), whereas the high S proportion at the terrestrial surface can be attributed to both evaporites (EP) as well as carbonate and further sediment lithological classes. Both Cl and S contents are generally low and often not accurately known. Results for S depend in addition on the assumed composition of sedimentary classes (c.f. Table 2 ). The terrestrial surface is relatively depleted in Na and to a smaller extent in Al, Si and K (Table 1) , compared to the average upper crust, which is in part due to the abundance of carbonates. Na is depleted even if compared to the composition of the lower crust. K concentration at the terrestrial surface shows no large difference compared to the upper crust in the most recent model of the geochemistry of upper continental crust (Rudnick and Gao 2003) , but is significantly increased compared to the lower crust (Table 1) . However, while considering carbonate abundance, increased levels of K can be observed for some crystalline as well as some sedimentary classes (e.g. siliciclastic sedimentary rocks, alluvial deposits and other unconsolidated sediments). Thus, non-carbonate terrestrial surface rocks are slightly enriched in K if compared to the upper crust, and K is enriched at the terrestrial surface compared to the total crust. The main observations of relative enrichment or depletion of certain elements (i.e. Ca, Na, S, C, Cl) on the terrestrial surface compared to the upper continental crust are insensitive to a 10% change of the assumed elementary composition of the individual lithological units (Table 1) .
The contents of the elements P, Fe, Mn and Ti at the terrestrial surface are not significantly different from the upper crust considering the variability between the three geochemical compositions of the upper crust used (Table 1) . However, they show some significant differences towards the lower crust. Mn varies little among lithological classes in general, with the exception of higher contents in basic igneous lithologies. No large difference to the upper crust can be observed for Fe, due to its large contents in sediments or basic igneous lithologies VB and PB that compensate for carbonate abundance at the surface. Dissolved Fe is in general immobilized under typical surface conditions because it precipitates preferentially as oxide or hydroxide in sediments. Fe-content differences to the middle and lower crust are in accordance with the gradient identified by Rudnick and Gao (2003) .
P as an important nutrient for ecosystems shows some variation in the presented compilation of data. However, contents are low.
Comparing the geochemical composition of the continents (Table 4) , the largest observed differences (between Europe and South America) is caused by the different carbonate abundances on those continents (19% vs. 1.9%; cf. Dürr et al. 2005) . In a similar way, the difference in carbonate abundance, but also volcanic abundance, influence the differences observed in the geochemical composition of basins draining to the Pacific and Mediterranean Sea. Maps of the global distribution of elements discussed are provided in the supplementary information.
Discussion
The differences observed between terrestrial surface and continental crust are largely influenced by a few key processes which are discussed briefly below: chemical weathering, aggregation of residuals of chemical weathering on the terrestrial surface in sediments, relocation of marine sediments to the terrestrial surface (partly altered silicate-dominated sediments and carbonate products from biomineralization), evaporite deposits, as well as redox processes in sediments (compare levels of reduced S in shales in Table 2 ).
Chemical weathering processes lead to a preferential depletion of some elements in rocks. For example, certain differences of major cation loss rates (into natural waters) were reported for igneous rocks (Goldich 1938; Blum 1994 ; Van der Weijden and Pacheco 2003) but also sediments (Meybeck 1987; Hartmann and Moosdorf 2010) . Chemical weathering produces dissolved products and can leave, in case of incongruent chemical weathering, particulate residues (secondary minerals). The former are nearly entirely transported to the oceans (with the exception of dissolved silica: Beusen et al. 2009; Hartmann et al. 2010b) , while some proportion of the latter is stored in the fluvial system leaving only a certain extent for export to the oceans via physical erosion.
Sediment particles of terrestrial origin influence the geochemical composition of marine sediments, which are partly relocated to the terrestrial system via tectonic processes. A second pathway is the transfer of marine sediments via subduction processes into crystalline rocks of the continental crust. There, the signature of terrestrial material can be identified in crystalline rocks (Reymer and Schubert 1984; White et al. 1985; Morris and Tera 1989; Hofmann 2007) . Thus, mass transfer of terrestrial material, altered by preferential depletion of elements and subsequent development of secondary minerals, to the ocean via chemical and physical weathering indirectly influences the evolution of the continental crust.
Sediments are assumed to amount to 14 weight% of the upper continental crust (considering a depth of 20 km), 14.6% of those are carbonates (e.g. Wedepohl 1995) . Results suggest that terrestrial surface processes and thus geochemical composition of sediments are important for the geochemical evolution of the continental crust, at least for the surface geochemistry, as sediments cover *2/3 of the landmass (c.f. Table 3 and Dürr et al. 2005) . For example, carbonate rock weathering rates are thought to be a magnitude larger than those of granites (Meybeck 1987) and it should be kept in mind that some sedimentary lithological classes (SS and SM) are characterised by notable amounts of carbonates (c.f. Dürr et al. 2005 , contributing to an increased Ca-flux from these lithological classes .
The selective element depletion of the terrestrial surface is, in addition to chemical weathering, regulated by physical erosion because erosion rates are different between lithological classes (c.f. Meybeck 1987; Millot et al. 2002) .
Thus, processes determining sediment composition and element transport to the ocean have a pronounced effect on the geochemical evolution of the Earth's continental surface layers, and, in addition, influence the geochemical evolution of continents because oceanic sediments partly contain material of terrestrial origin (Hofmann and White 1982; Plank and Langmuir 1998; Plank 2005) . For example, marine sediment transferred to the continental crust produces crystalline rocks that are deficient in Na and probably Ca, relative to primary igneous rocks. Locally, the Ca deficiency depends on the proportion of carbonates in sediments (Plank and Langmuir 1998; Plank 2005) . Substantial differences in weathering rate capacity for certain elements may thus impact the fractionation of the continental crust due to preferential recycling of elements back to the continental crust via the oceanic crust. It is uncertain, however, how large the weathering-derived component in the continental crust is (Rudnick 1995) . Note that based on the data in Table 2 , the lithological class combination PB?PA?VB?VA?PB?MT is enriched in Ca by *28% if compared to the upper continental crust (after Rudnick and Gao 2003) .
Part of the observed compositional differences between terrestrial surfaces and continental crust is due to the uplift of a significant proportion of carbonate-rich marine sediments that are not incorporated into the continental igneous rocks via subduction. This explains the high Ca and (partly) Mg abundance on the terrestrial surface compared to the upper continental crust. This suggests that erosion was not capable to compensate the enrichment of carbonate sedimentary rocks at the terrestrial surface caused by tectonic processes.
Mass balance calculations (Lee et al. 2008 ) suggest that Mg is preferentially lost from continental rocks via chemical weathering at the terrestrial surface, and transported to the ocean. A significant proportion of oceanic dissolved Mg is fixed in the oceanic crust by cation exchange (predominantly with Ca) at mid-ocean ridges or submarine basalts in general (Albarede and Michard 1986; Albarede 1998; Talbi and Honnorez 2003; Paul et al. 2006) . From there it is removed via subduction of the altered oceanic crust to the mantle (Lee et al. 2008 ).
However, the major process that explains most of the Mg difference observed here, between the terrestrial surface and upper continental crust (enrichment), is the transport of marine Mg to the terrestrial continental crust as carbonate rocks, via (plate) tectonic processes. Carbonates are the major reservoirs for lithogenic C, underscoring the role of sediment abundance for the C fractionation between crustal compartments compared (Kempe 1979) . The question since when the terrestrial Earth surface is enriched with Ca and probably Mg due to the movement of significant amounts of carbonates to the terrestrial surface should be addressed in the future. A substantial change in the abundance of carbonates on the terrestrial surface may significantly influence the atmospheric CO 2 uptake due to chemical weathering because of the relatively high weathering rates if compared to other lithological classes ). If such a change in carbonate abundance at the terrestrial surface happens in a relatively short (geological) time period and the increase in chemical weathering rates are substantially larger than rate increases of carbonate precipitation in the ocean for a certain period, it may affect the climate system. For discussion of further relevant processes compare Arvidson et al. (2006) and references therein.
The terrestrial Na depletion is due to its low concentrations in sediments, suggesting an aggregation in other compartments of the Earth. It should be kept in mind that Na ? has a long oceanic residence time. It is removed from the oceans predominantly by precipitation of halite, and probably to a lesser part by pore water subduction and by reverse weathering (e.g. Mackenzie and Garrels 1966; Michalopoulos and Aller 1995; Michalopoulos and Aller 2004; Arvidson et al. 2006; Hay et al. 2006) . Field evidence suggests that substantial evaporite precipitation episodically occurs in Earth history, every time depositing large volumes of salts (Hay et al. 2006 ). However, theoretical models on the geochemical development of the ocean suggest a more continuous evaporite extraction (Arvidson et al. 2006) . Nevertheless, the evaporite volume is small, *5% of total sediments (Garrels and Mackenzie 1971) , and evaporites are thus unlikely to influence the sedimentary Na budget significantly (Goldschmidt 1958 , in Rudnick 1995 . They do influence the Cl abundance at the terrestrial surface, however, due to the very low Cl-concentrations in all other lithological classes if compared to evaporites (Table 2 , lithological class EP).
The enrichment of S at the terrestrial surface is predominantly due to oxidized S (S SO3 ) and less due to reduced S S in sediments (ratio S SO3 /S S *1.8) (Table 3) . This suggests that evaporite deposition may be more important for the accumulation of S at the terrestrial surface than reduced sulphur in marine sediments which have been moved to the terrestrial surface. The abundance of sulphate in rocks at the terrestrial surface depends on the co-occurrence of wet/dry climate conditions and rocks bearing high sulphate concentrations. Because of this, the S SO3 /S S -ratio found for the terrestrial surface today may have been different for other periods of Earth history (compare for the spatial correlations between applied lithological classes and annual runoff in Hartmann et al. 2009 ).
The maps presented (supplement information) provide an overview of the regional distribution of elements at the terrestrial surface (below soils). They will certainly be improved in the future, when detailed information on tectonic settings and regional rock geochemistry is incorporated. However, strong contrasts in the spatial abundance of the geochemical properties distinguished can be observed in the figures presented due to the different properties of the lithological units. The maps developed here, and future, refined maps, are valuable for predicting land-ocean matter fluxes in a spatially explicit manner .
Conclusions
Enrichment and depletion of elements (specifically of Ca, Mg, Na, C, S and Cl) in the terrestrial surface can be explained by either preferential depletion in sediments (like Na), the aggregation of sulphide in marine sediments (sulphate reduction), plate tectonics causing a segregation of material over geological time scales, and the abundance of carbonates and evaporites on the terrestrial surface. The significant differences observed between the terrestrial surface and continental crust as a whole illustrate the role of biotic and abiotic Earth surface processes (e.g. carbonate precipitation in the ocean and chemical weathering) for the geochemical layering of the continental crust.
The average values presented here allow insights into the role of the terrestrial surface in global material cycles, especially with respect to surface waters being the main agent for transport of solid and dissolved matter to the oceans.
A significant improvement of this first estimate can be achieved if local or regional geochemical compositions per lithological class are combined with global or better regional lithological maps of an improved resolution. This can be achieved because future lithological classification schemes may include differences in origin of sediments (terrestrial vs. marine) and diagenetic history. A spatial representation of the geochemical (or mineralogical) composition of the terrestrial surface can also contribute additional information for Earth system models focusing on the climate system, e.g. to better distinguish CO 2 -consumption by silicate and carbonate chemical weathering or to estimate the phosphorus-release by chemical weathering to soils and ecosystems (Berner 2006; Hartmann et al. 2009; Hartmann 2009; Godderis et al. 2009; Hartmann and Moosdorf 2010; Roelandt et al. 2010) .
